INTRODUCTION
============

*Enterococcus faecalis (E. faecalis)* are normally found in the human intestine, but may temporarily be found in the oral cavity, where they have been associated with pathogenic oral manifestations such as mucosal lesions in immunocompromised patients,[@b1-dent06_p0043] as superinfecting organisms in periodontitis[@b2-dent06_p0043] and, most importantly, in persistent root canal infections.[@b3-dent06_p0043]--[@b5-dent06_p0043]

As facultative organisms, enterococci are exceedingly hardy. They tolerate a wide variety of growth conditions, including temperatures of 10°C to 45°C and hypotonic, hypertonic, acidic, or alkaline environments.[@b6-dent06_p0043] Several studies have shown that enterococci resist various intracanal treatment procedures.[@b7-dent06_p0043]--[@b8-dent06_p0043] This is attributed for their ability to penetrate dentinal tubules,[@b9-dent06_p0043] withstand high pH values,[@b10-dent06_p0043] possess virulence factors[@b11-dent06_p0043] and because of biofilm formation.[@b12-dent06_p0043]

Biofilms offer their member cells several benefits, the foremost of which is antimicrobial tolerance. Four mechanisms that confer this tolerance to cells living in a biofilm have been suggested. The first is the physical barrier properties of the extracellular polysaccharide matrix.[@b13-dent06_p0043] The second is the physiological state of biofilm microorganisms. Bacterial cells residing within a biofilm grow more slowly than planktonic cells; as a result, biofilm cells take up antimicrobial agents more slowly.[@b14-dent06_p0043] Furthermore, the depletion of nutrients can forces bacteria into a dormant or stationary growth phase in which they are protected from being killed.[@b15-dent06_p0043] The third suggested mechanism is metabolic heterogeneity. Cells located more deeply in the biofilm are exposed to environmental conditions that differ from those at the surface including decreased oxygen tension. This results in altered phenotypes in terms of growth rates and gene transcription that might facilitate certain survival and virulence characteristics.[@b16-dent06_p0043] Finally, it has been speculated that a sub-population of microorganisms known as persisters exists. These microorganisms constitute a small percentage of the original population and are believed to constitute a highly resistant phenotypic state that is resistant to being killed by antimicrobial agents.[@b17-dent06_p0043]

Management of persistent root canal infections is a challenging task complicated by the complex anatomy of the root canal system. Several antibacterial strategies have been described to reduce the number of microorganisms in infected root canal systems, including the use of various instrumentation techniques, irrigation regimens, intracanal medicaments and, sometimes, systemic antibiotics.

Although systemic antibiotics appear to be an effective adjunct in certain surgical and nonsurgical endodontic procedures, their administration is not without the potential risk of adverse systemic effects, such as allergic reactions, toxicity and the development of resistant strains of microbes.

In addition, the systemic administration of antibiotics relies on patient compliance with the dosing regimens, followed by absorption through the gastro-intestinal tract and distribution via the circulatory system to bring the drug to the infected site.[@b18-dent06_p0043] Unfortunately, the necrotic root canal is a secluded cavity inaccessible to the local immune system,[@b19-dent06_p0043] and the concentration of drug that reaches the canal space after systemic administration of antibiotics is minimal and unlikely to inhibit bacterial growth.[@b20-dent06_p0043] Therefore, local application of antibiotics within the root canal system may be a more effective mode for delivering the drug.[@b21-dent06_p0043]--[@b23-dent06_p0043]

Selection of the appropriate local antibiotic to be used in persistent endodontic infections is also challenging because the prevailing species, *E. faecalis,* has demonstrated resistance to multiple antimicrobial agents.[@b24-dent06_p0043] This resistance is either intrinsic or extrinsic. The intrinsic resistance is chromosomally mediated and present in all members of the species; examples involve resistance to penicillin G, ampicillin, cephalosporin, aminoglycosides, trimethoprim, and sulfamethazole. On the other hand, the acquired resistance results from either DNA mutation or acquisition of new DNA; examples involve resistance to almost all other antimicrobial agents such as β-lactams, aminoglycosides, fluoroquinolones, macrolides, azalides, tetracycline and vancomycin.[@b25-dent06_p0043]

Recent laboratory studies have attempted to evaluate the efficacy of antimicrobial agents used in root canal treatment against *E. faecalis* grown as a biofilm[@b26-dent06_p0043] rather than relying on planktonic culture models because planktonic bacteria do not generally represent the in vivo growth condition found in infected root canal systems. However, the time taken for biofilm formation varied considerably among this studies.[@b27-dent06_p0043] Theoretically, an older biofilm will be more mature and more difficult to eliminate. Therefore, the purpose of this study was to assess the susceptibility of mature *E. faecalis* biofilms to some locally applied antimicrobial agents in vitro that can be a useful addition to the antibacterial strategies used in the treatment of persistent root canal infections.

MATERIALS AND METHODS
=====================

Selection and Preparation of the Samples
----------------------------------------

One hundred forty-eight human mandibular premolars with mature apices and single root canals were selected for use in this study. All teeth were stored in 0.5% thymol solution at 4°C before use. Following periapical radiographs, the crowns were removed using a safe sided diamond disc (NTI diamond disc, Axis Dental, USA) mounted on a high speed contra-angle with water coolant, and the tooth length was standardized to 18 mm from the root apex to the coronal border. Cleaning and shaping of samples was performed using the Protaper rotary nickel titanium system (Dentsply Maillefer, Ballaigues, Switzerland) in the presence of 2.5% NaOCl until finishing file \# 4 (40/ 0.6). Following preparation, all canals received a final irrigation sequence of 5ml of 17% EDTA, followed by 5ml of 2.5% NaOCl and 5ml of sterile water (Baxter sterile water, Dealmed Medical supplies, USA) to remove the smear layer. The teeth were then air-dried and steam autoclaved at 121°C for 30 minutes. The entire root surface, including the apical foramen of each sample, was coated with two layers of nail polish (Max Factor, Cosmetics and Fragrances, London, UK).

Classification of the Samples
-----------------------------

One hundred forty-eight samples were included in the study. One hundred forty samples were divided into five experimental groups and two control groups (n=20). The five experimental groups represented the antimicrobial agents used; Group 1: Amoxicillin and clavulanate (Augmentin, Medical Union Pharmaceuticals, Egypt for GSK).Group 2: Ciprofloxacin (Ciprobay®500 Bayer Healthcare, AG. Germany).Group 3: Clindamycin (Clindam 150 Sigma Pharmaceutical industries. Egypt)Group 4: Doxycycline (Doxymycin®100 Nile company for Pharmaceuticals and Chemical Industries. Egypt)Group 5: Calcium hydroxide paste (Control® La Maison Dentaire S.A.Balzers)

The positive control group was used to check for bacterial viability throughout the experiment, while the negative control group was used to check for sterility of the procedures. The remaining eight samples were used as indicators for biofilm formation.

Biofilm Development
-------------------

A clinical isolate of *E. faecalis* from the Microbiology Laboratory (Central Laboratories, Ministry of Health, Egypt) was used for biofilm formation. Samples from the experimental groups and the positive control group were immersed in a 24-hour pure culture suspension of *E. faecalis* grown in Brain Heart Infusion broth (BHI; Difco Laboratories, Detroit, MI, USA) and adjusted to No. 1 MacFarland turbidity standard; all teeth were incubated at 37°C in sealed vials. This procedure was repeated every 72 hours using a 24-hour pure culture prepared and adjusted to the No. 1 MacFarland turbidity standard. The negative control samples were immersed in sterile BHI broth replenished with sterile saline every 72 hours to test for sterility of the procedures .The teeth were maintained in a humid environment at 37°C for 30 days.

Verification of Biofilm Development
-----------------------------------

Monitoring of bacterial biofilm development onto root canal dentin was assessed by SEM examination at four time intervals (3, 10, 20 and 30 days). Longitudinal grooves were cut along the entire length of eight randomly selected samples before root canal preparation. Then, after immersion in the bacterial suspension, two samples were split with a hammer and chisel into two halves as described by Sen et al[@b28-dent06_p0043] at each time interval. Each half was immersed in 2.5% glutaraldehyde (pH 7.4) for 24 hours at 4°C for fixation, washed with phosphate buffer saline for 15 min, and postfixed in 1% (wt/vol) osmium tetroxide for 12 hours at 4°C. Then, the samples were flushed with PBS, and then dehydrated in an ascending acetone series (30%, 60%, and 100%) for 10 minutes each. Finally, the samples were dried by using a SAMDRI PVT-3 critical point dryer apparatus (Tousimis Research Corp., Rockville, MD) using liquid CO~2~ replacement. Each sample was mounted and sputter coated (208HR High Resolution Sputter Coater. Ted Pella Inc, USA) with a 200 Å layer of gold palladium. Observation of the whole canal was performed by using a JEOL JSM-35CF scanning electron microscope at 30 kV.

Preparation and Application of the Antimicrobial Agents
-------------------------------------------------------

The drug concentrations were adjusted based on published data for minimum inhibitory concentrations for *E. faecalis.*[@b29-dent06_p0043] Sterile saline solution (Al Mottahedoon Pharma, 10th Ramadan City, Cairo-Egypt) was added in a drop-wise manner to the antibiotic powder and mixed to obtain a thick paste. The MTA carrier (Dentsply) was used to introduce the paste inside the infected canals. To allow the antibacterial properties of the intracanal medicaments to be expressed under clinical conditions, wax was used to seal the apex as well as the coronal access cavity; then aluminium foil was used to envelop the samples. All samples were incubated for a week at 37°C under humid conditions.

Bacterial Sampling
------------------

After one week, all of the samples were irrigated with 20 ml sterile saline solution to remove the root canal contents. Bacterial samples were taken using a standard method of collection.[@b30-dent06_p0043] The root canals were filled with sterile saline as a transport fluid, then \#15 K-file was placed into the canal to within 1 mm of working length and circumferentially filed for 10 seconds before sterile absorbent paper points adsorbed the transport fluid and transferred it to a test tube containing 1.0 ml of saline. All samples were vortexed for twenty seconds and 10-fold dilutions were prepared in saline. Aliquots of 0.1 ml were spread plated onto BHI agar plates, incubated at 37°C for 48 hours, and colony-forming units (CFU) per 1 mL were enumerated.

Statistical analysis
--------------------

Statistical analysis was carried out using SAS program (SAS, Statistical Analysis Systems, STAT/User\'s Guide, Release 6.03 ed., SAS Institute, Cary NC, USA. 1988). Colony forming units were transferred using log transformation before statistical analysis. One Way Analysis of Variance (Procedure ANOVA of SAS) followed by Duncan\'s Multiple Range Test were used to test the effect of treatments on colony forming units.

RESULTS
=======

SEM examination at the specified time intervals ([Figure 1a--d](#f1-dent06_p0043){ref-type="fig"}) showed that E. Faecalis consistently adhered to collagen structures, colonized dentin surfaces, progressed toward the dentinal tubules, and formed a mature biofilm at the end of the incubation period.

For the negative control group, these previously non-infected samples showed no growth. In contrast, the positive controls showed positive growth in all cultured samples. For the experimental groups ([Table 1](#t1-dent06_p0043){ref-type="table"}), there was a statistically significant reduction in the mean numbers of colony-forming units (P=.05) after a 1-week application of the antimicrobial agents. However, none of them resulted in complete elimination of biofilm bacteria. All of the chemotherapeutic agents used were significantly better than Calcium hydroxide (0% negative cultures). The antimicrobial effect of Amoxicillin + clavulanate (80% negative cultures), Ciprofloxacin (80% negative cultures) and Clindamycin (50% negative cultures) was significantly better than for Doxycycline (30% negative cultures) at P=.05. However, the difference in the antimicrobial effectiveness among them was statistically non-significant (P=.05).

DISCUSSION
==========

The experimental model used in this study is concerned to mimic some clinical cases in which the clinicians have already completed the mechanical preparation, used all types of available irrigant combinations and the patients took more than one class of systemic antibiotics, but still there are some persistent clinical signs and symptoms in the form of slight pain, tenderness to percussion and / or mild exudate.

This clinical picture suggests the presence of a resistant type of extra and / or intra radicular infection. This is in agreement with Chaves de Pas et al[@b31-dent06_p0043] who found that once established, there is a pattern for non-mutans streptococci, enterococci and lactobacilli to survive after chemo-mechanical preparation in root canals with clinical and radiographical signs of apical periodontitis.

Such cases might benefit from the local application of an antibacterial agent. However, this agent should be selected after careful culture and sensitivity testing to identify the existing flora. Thus our model was to develop a mature bacterial biofilm of a recognized endodontic pathogen onto root canal dentin, then to test its susceptibility to some popular antibacterial agents.

The first objective of our study was to develop a bacterial biofilm onto root canal dentin. Introducing the biofilm concept to endodontic microbiology is a major step forward in our understanding of persistent root canal infections. Microorganisms growing in biofilms are better protected from adverse environmental changes and antimicrobial agents, in some cases up to 1,000-fold greater than that of the same microorganisms living planktonically.[@b32-dent06_p0043]

Recent studies used several protocols to evaluate the efficacy of selected irrigants and medicaments to remove biofilms grown in wells,[@b33-dent06_p0043] on membrane filters[@b34-dent06_p0043] and on dentin samples.[@b35-dent06_p0043]--[@b37-dent06_p0043] Esterala et al[@b27-dent06_p0043] suggested that three aspects must be considered for validation of biofilm models: the bacterial colonization structure, the biological indicator, and the time necessary for biofilm formation.

All of these aspects were achieved in our study. The bacterial colonization structure was the human root canal with its unique microenvironment. The biological marker was *E. faecalis* which is a dominant endodontic pathogen with several virulence factors. Finally the infection period used was sufficient for development and maturation of the bacterial biofilm as evident by SEM examination. Thus our model can be of benefit to researchers investigating the anti microbial potential of endodontic materials.

Selection of the antimicrobial agents was based on previous studies that tested the susceptibility / resistance patterns of *E. faecalis.* Penicillin and ampicillin were not selected because exclusive strains of *E. faecalis* express the B-lactamase enzyme;[@b38-dent06_p0043] instead, amoxicillin (a selective inhibitor of bacterial cell wall synthesis) with clavulanic acid (a β-lactamase inhibitor) was used. Other selected agents were Ciprofloxacin (a broad spectrum fluoroquinolone which inhibits microbial nucleic acid synthesis), which is incorporated in a recently popular protocol for disinfection of immature necrotic teeth,[@b39-dent06_p0043] Clindamycin (a bacteriostatic lincosamide that inhibits microbial protein synthesis), which is a popular drug used in the treatment of acute periapical infections, and in cases of penicillin allergy and Doxycyclin (a broad spectrum tetracycline that inhibits, but does not kill susceptible bacteria) incorporated in MTAD[@b40-dent06_p0043] and reported to be effective against facultative and anaerobic odontogenic infectious flora.[@b41-dent06_p0043]

Calcium hydroxide was also selected because it is the most widely used intracanal medicament.[@b42-dent06_p0043] Its antibacterial effect is attributed to the release of hydroxyl ions. Several studies have demonstrated that after placement of calcium hydroxide in the root canal system, the hydroxyl ions diffuse through the dentinal tubules to the outer surface of the root.[@b43-dent06_p0043]--[@b44-dent06_p0043] On the basis of these reports, it is possible that calcium hydroxide exerts an immunomodulatory effect by local denaturation of inflammatory mediators, possibly via alkaline hydrolysis of amide bonds[@b45-dent06_p0043] or denaturation of some proinflammatory mediators.[@b46-dent06_p0043]

The pH of the formulation selected in our study was 12 because Evans et al[@b47-dent06_p0043] have reported that *E. faecalis* is resistant to killing by calcium hydroxide at or below a pH value of 11.1.

The use of instruments for removal of canal contents was avoided so as not to disrupt the biofilms. Passive irrigation only was employed and it proved to be sufficient as evident visually on the paper points used during culturing that had no traces of the agents used. This was probably facilitated by the relatively short length of the roots, the adequate coronal taper of the canals as well as the large volume of saline solution used. This volume most likely did not affect the bacterial biofilms as evident by the high count obtained from the positive control group which was statistically significant in comparison with the other groups.

The presence of *E.faecalis* in root canals can be detected either by culture or by molecular techniques. Cogulo et al[@b48-dent06_p0043] confirmed that both culture and PCR methods were sensitive to detect E. faecalis in both deciduous and permanent teeth. The culture method was used in this study, it is considered to be useful as a primary investigation method to identify predominant species or make a correlation of some bacteria to certain clinical findings, while molecular techniques can detect uncultivable or difficult-to-grow bacteria or examine more specific effects. However, all results obtained from invitro tests should be interpreted with caution, as they might not demonstrate the full clinical potential of the agents being tested.

Results of this study indicate that all of the chemotherapeutic agents used were significantly better than calcium hydroxide in the elimination of biofilm bacteria. This might be due to the paste form used for calcium hydroxide in this study. Staehle et al[@b49-dent06_p0043] demonstrated that aqueous calcium hydroxide suspension had a higher degree of hydroxyl ion release than the cement or the paste-type calcium hydroxide products. Our results are in agreement with previous studies[@b50-dent06_p0043]--[@b53-dent06_p0043] who reported less bacterial activity of calcium hydroxide against *E. Faecalis.* However, these findings are in disagreement with Baik et al[@b54-dent06_p0043] who suggested that calcium hydroxide could detoxify lipoteichoic acid, a major virulence factor of gram positive bacteria, resulting in attenuation of the inflammatory response to *E.faecalis.* This difference may be due to the application of calcium hydroxide to planktonic bacteria in their study rather than to a biofilm structure as in our study where the bacteria can resist alkaline stress.[@b55-dent06_p0043]

On the other hand, none of them was able to achieve complete sterilization of the infected root canal system. The standard deviation was relatively high in some groups due to the presence of completely negative cultures in these groups. The higher percentage of negative culture obtained with Amoxicillin+clavulanate and Ciprofloxacin (80%) over Clindamycin (50%) and Doxycyclin (30%) may be because they are bactericidal agents.

In order to obtain the maximum clinical benefit of the anti-bacterial agents used in this mode, additional research should be carried out to investigate the best drug delivery form, drug substantivity and the feasibility of using drug combinations. This would be more practical if the biofilm model was a polymicrobial one. Also possible side effects in the form of sensitization, development of resistant strains or any alteration of root canal dentin surface characteristics should be investigated.

CONCLUSIONS
===========

The method used for bacterial biofilm development and maturation is reliable and can be used to assess the anti bacterial potential of endodontic materials. Also, the local application of antibacterial agents can be beneficial in resistant cases of apical periodontitis but only after careful culture and sensitivity testing to choose the appropriate agent for the existing flora.

![**A--D.** RSEM images showing the stages of E.faecalis biofilm formation and maturation onto root canal dentin.\
**Figure 1 A**. 3-days-old biofilm showing E. faecalis colonizing the dentin surface and starting to invade the patent dentinal tubules.\
**Figure 1 B**. 10-days-old biofilm showing more micro colonies of E. faecalis penetrating inside dentinal tubules.\
**Figure 1 C, D**. 30-days-old biofilm showing an increase in the number and density of the bacterial micro colonies to a remarkable thickness that is almost covering the entire dentinal surface.](DENT-6-47-g1){#f1-dent06_p0043}

###### 

Mean colony forming units and the percentages of negative cultures after 1-week application of the antimicrobial agent.

  **Treatment**       **Mean**       **S.D.**       **Min.**       **Max.**        **Negative culture %**   **dt**
  ------------------- -------------- -------------- -------------- --------------- ------------------------ --------
  Positive control    7.55 × 10^4^   2.19 × 10^4^   4.00 × 10^4^   11.00 × 10^4^   0%                       a
  Calcium hydroxide   2.66 × 10^4^   1.92 × 10^4^   2.00 × 10^3^   6.00 × 10^4^    0%                       b
  Amoxicillin         3.6 × 10       8.10 × 10      0              3.00 × 10^2^    80%                      c
  Ciprofloxacin       4.10 × 10      8.80 × 10      0              3.00 × 10^2^    80%                      c
  Clindamycin         4.60 × 10      6.60 × 10      0              2.00 × 10^2^    50%                      c
  Doxycyclin          1.10 × 10^2^   1.12 × 10^2^   0              3.00 × 10^2^    30%                      d
  Negative control    0              0              0              0               100%                     e

S.D. standard deviation

Min. minimum

Max. maximum

dt Duncan\'s Multiple Range Test for the effect of treatment.

Means with the same letter within each column are not significantly different at P=.05.
